Assuming three flavour neutrino mixing takes place in vacuum, we investigate the possibility that the solar ν e take part in MSW transitions in the Sun due to ∆m 2 31 ∼ (10 −7 − 10 −4 ) eV 2 , followed by long wave length vacuum oscillations on the way to the Earth, triggered by ∆m 2 21 (or ∆m 2 32 ) ∼ (10 −12 − 10 −10 ) eV 2 . The solar ν e survival probability is shown to be described in this case by a simple analytic expression. New ranges of neutrino parameters which allow to fit the solar neutrino data have been found. The best fit characterized by the minimum χ 2 is extremely good . This hybrid (MSW+vacuum oscillations) solution of the solar neutrino problem leads to peculiar distortions of energy spectrum of the boron neutrinos which can be observed by the SuperKamiokande and SNO experiments. Other flavour scheme (e.g. 2 active νs + 1 sterile ν) can provide MSW+vacuum solution also.
Introduction
Solar neutrino experiments [1] [2] [3] [4] [5] [6] indicate an existence of solar neutrino problem. Scientists have tried several different solutions, for example, astrophysical solutions ( which implys the puzzle comes from our lack of the knowledge of nucleon inside the Sun. But this solution doesn't fit data well ); spin and spin-flavour oscillations (caused by magnetic field) [7] and neutrino decay (can not fit experimental data well ). In particular, there are two solutions which give good fit of data: First based on the old idea of Pontecorvo [8] that the solar ν e take part in vacuum oscillations when they travel from the Sun to the Earth. The second based on the more recent hypothesis [9, 10] of the solar ν e undergoing matter-enhanced (MSW) transitions into neutrinos of a different type when they propagate from the central part to the surface of the Sun.
Both of MSW and vacuum oscillation mechanisms may simultaneously happen in our nature.
That is, MSW effect take place when the neutrino travel from the centre of the Sun to the surface of the Sun, long wavelength effect occur afterwards during the travel from the surface of the Sun to the surface of the Earth. Thus, ν ⊙ -problem can be solved by a hybrid solution [11, 12] .
This requires three flavour neutrinos scheme which is also a motivation for the mixed solution. There are two independent ∆m 2 now. For solving the ν ⊙ -neutrino problem, there can be sets of magnitudes of two ∆m 2 [12] . The interesting one is that a ∆m 2 lies in the MSW mass interval and the other lies in the long wavelength interval, corresponding to independent from the absolute value of m but the difference.
All the different patterns of neutrino masses mentioned above can arise in gauge theories of electroweak interactions with massive neutrinos, and in particular, in GUT theories [14] .
The Solar ν e Survival Probability
For the first mass case, the averaged survival probability (FIG. 2) can be written 1 :
here V is the loss of ν e caused by vacuum oscillation during the way from surface of the Sun to the Earth. It can be written in several forms:
jump ) cos 2θ
Some comments are given below for these formulas:
• the termP (∆m 2 31 , θ 13 ) is 2-neutrinos MSW transition ν e ⇔ ν ′ survival probability with that ν ′ is the mixed state of ν µ and ν τ :
where ϕ is the phase of U e3
• P
2V O is the 2-neutrinos vacuum oscillation probability with parameters ∆m 2 21 and θ 12 .
• The mixing angles are defined as
which coincide with the definition below ν e = cos θ 13 ν (12) + sin θ 13 ν 3 ;
where ν 1 , ν 2 and ν 3 are three neutrino mass eigenstates. Let us consider the properties of the survival probabilityP . For module of term V , its coefficient is (FIG. 4) .
At the bottom of the MSW suppression pit, (i.e., P jump
= 0 and cos 2θ
, term V goes to zero and there is no vacuum oscillation. Under the above conditions the ν e state in matter at the point of ν e production (in the Sun) essentially coincides with the heaviest of the three neutrino matter-eigenstates, which continuously evolves (as the neutrino propagates towards the surface of the Sun) into the mass (as well as energy) eigenstate |ν 3 > at the surface of the Sun. As a consequence, vacuum oscillations do not take place between the Sun and the Earth, andP (ν e → ν e ; t E , t 0 ) coincides with the probability to find ν e in the state |ν 3 >.
There are two limits. When sin 2 2θ 12 → 0, we getP →P 2M SW ; when sin 2 2θ 13 → 0 and
For the second mass spectrum case [17] , after exchanging the indices 1 ↔ 3, the term V in probability still has some difference from that in case 1,
where sin 2 θ ′ 13 is less than 1 2 . Zee model (radiative) mass matrix corresponds to this case [18] , it reduces the four free parameters to three free parameters. Here module of V varys from 0 to 1 2 .
Since the coefficient
in V is from 0 to 1 4 , thus the vacuum oscillation is suppressed by factor 2 than in the first case. Furthermore, for small sin 2 θ having values in the intervals (1a) and (1b) was studied.
We utilized the predictions of the solar model of Bahcall and Pinsonneault in 1995 with heavy element diffusion [19] for the pp, pep, etc. neutrino fluxes in this study. The estimated uncertainties in the theoretical predictions for the indicated fluxes [19] were not taken into from the remaining part of the allowed region. In contrast to the main fraction of 8 B neutrinos, the pp and the high energy line of 7 Be neutrinos do not undergo resonant MSW transitions but take part in vacuum oscillations between with E ≥ 2.5 M eV .
the Sun and the Earth. Actually, the 7 Be neutrino energy of 0.862 MeV is in the region of the first minimum of P
2V O as E decreases from the "asymptotic" values at which P Solution E holds for a small region, it and most of solution C are excluded by the recent experimental spectrum data [2] .
Solution F.
This solution (FIG. 4a) was found in paper [14] . For ∆m 2 13 ∼ (4 −8)·10 −6 eV 2 , the 7 Be-flux can be suppressed by resonance conversion. Since sin 2 2θ eτ ∼ (3 − 10) · 10 −4 , the pit is narrow and suppression of the high energy part of the boron neutrinos is rather weak. This flux can be suppressed by vacuum oscillations if it is placed in the first minimum of oscillatory curve.
For pp-neutrinos one gets then the averaged oscillation effect. Thus we arrive at configuration with resonance conversion pit at small energies and vacuum oscillation pit at high energies.
Minimum χ 2 value by including SuperKamiokande data
In model [19] , using five experiment results (for SuperK, we use 201.6 live days data), we find the minimum χ 2 of MSW+vacuum solution is 0.033, located at (∆m
which is in the B-down solution region. Here we have four free parameters, thus it is one degree of freedom.
Distortion of the boron neutrino spectrum and signals in
SuperKamiokande and SNO An interplay of vacuum oscillations and MSW conversion can lead to peculiar distortion of the boron neutrino energy spectrum. For ∆m 2 12 > 10 −11 eV 2 there is modulation of the spectrum due to vacuum oscillations. We have studied a manifestation of such a distortion in the energy spectrum of the recoil electrons in the SuperK (SuperKamiokande) and SNO [26] experiments.
Using energy resolution function for electrons [2] we have found the ratio R e of expected (with conversion) number of events S(E vis ) to predicted (without conversion) one for different values of oscillation parameters (FIG. 5) :
where E e is the total energy of recoil electrons and the original neutrino flux is Φ(E ν ).
The lower limit of integration is first order approximation but the precise form is 1 2 E e − m e + E 2 e − m 2 e . The energy resolution function can be written as 4 :
Experimental table of σ (for SuperK) is used in our calculation but an approximate relation is
. We show also the R e measured by SuperK during 201.6 days [27] . As follows from Obviously some of distortions like in region E are already excluded by 201.6 days data. The smoothing effect is weaker in SNO experiment: The intergration over neutrino energy gives smaller averaging and energy resolution is slightly better.
Other case of MSW+vacuum solution.
Besides three active neutrinos, other cases can provide mixed solutions also. For instance, the mass scheme [28] below can give 2 active + 1 sterile neutrinos to solve solar neutrino problem (FIG. 6) . 
Conclusions.
A general feature of the MSW + VO solutions studied by us is that the pp ν e flux is suppressed (albeit not strongly -by a factor not smaller than 0.5) primarily due to the vacuum oscillations of the ν e , the suppression of the 0.862 MeV The global minimum χ 2 of this hybrid solution is very small. The interplay of the resonance conversion and vacuum oscillations leads to additional peculiar distortion of the neutrino energy spectrum. In the SuperKamiokande experiment, and (to a slightly weaker extend) in the SNO, the integrations over the neutrino energy and finite energy resolution result in strong smoothing of oscillatory distortion of the electron energy spectrum.
Finally, the MSW transitions + vacuum oscillation solutions can also be obtained from the neutrino mass and mixing structure in the case of two active plus one sterile neutrinos.
